The cardiac insulin-like growth factor 2 receptor (IGF-2R) can induce cardiomyocyte hypertrophy in a heterotrimeric G protein receptor-coupled manner involving ␣q (G␣q) or ␣s (G␣s). We have previously shown increased left ventricular weight and cardiac IGF-2 and IGF-2R gene expression in lowbirth-weight (LBW) compared with average-birth-weight (ABW) lambs. Here, we have investigated the cardiac expression of IGF-2 gene variants, the degree of histone acetylation, and the abundance of proteins in the IGF-2R downstream signaling pathway in ABW and LBW lambs. Samples from the left ventricle of ABW and LBW lambs were collected at 21 days of age. There was increased phosphoCaMKII protein with decreased HDAC 4 abundance in the LBW compared with ABW lambs. There was increased GATA 4 and decreased phospho-troponin I abundance in LBW compared with ABW lambs, which are markers of pathological cardiac hypertrophy and impaired or reduced contractility, respectively. There was increased histone acetylation of H3K9 at IGF-2R promoter and IGF-2R intron 2 differentially methylated region in the LBW lamb. In conclusion, histone acetylation of IGF-2R may lead to increased IGF-2R mRNA expression and subsequently mediate G ␣q signaling early in life via CaMKII, resulting in an increased risk of left ventricular hypertrophy and cardiovascular disease in adult life. low birth weight; insulin-like growth factor 2 receptor; histone acetylation
low birth weight; insulin-like growth factor 2 receptor; histone acetylation THERE IS A LINK BETWEEN LOW birth weight (LBW) and an increased risk of death from cardiovascular disease (4), with individuals who are born small being more likely to have left ventricular hypertrophy (50) . Animal models of intrauterine growth restriction and LBW in both rats and sheep have found not only increased relative heart weight but also left ventricular hypertrophy both before and after birth (5, 54, 57) . This is important because left ventricular hypertrophy is the strongest predictor for progressive heart disease (21, 27) and occurs in the absence of hypertension. Therefore, understanding the mechanisms underlying left ventricular hypertrophy and the increased incidence of clinical events relating to cardiovascular disease may lead to successful therapies to prevent this pathogenesis (22, 35) .
The IGF system regulates fetal and heart growth by activating nutritionally and oxygen-sensitive pathways (44) , resulting in increased protein synthesis in cardiomyocytes, leading to proliferation and hypertrophy. The IGF-2 receptor (IGF-2R) has become a new focus for mechanistic studies in cardiac pathophysiology, because the IGF-2R can couple with the heterotrimeric G protein-coupled receptors and their ␣q subunits (G ␣q ) to induce cardiac hypertrophy via CaMKII, PKC-␣, or p44/42 MAP kinase (ERK) (11, 51) . Hypertrophy induced by activation of the G ␣q signaling pathway can result in the expression of a "fetal gene program" (13) , including increased atrial natriuretic peptide (ANP) and ␤-myosin heavy chain (␤-MHC) abundance and reduced sarcoplasmic reticulum Ca 2ϩ (SERCA 2ϩ ) ATPase abundance (1, 7, 9, 15) . GATA 4 is a regulator of cardiac gene expression, hypertrophy, stress compensation, and cardiomyocyte viability (43) , which is involved in reexpression of the "fetal gene program" (39, 46) . Activation of cardiac IGF-2R via Leu-27 IGF-2 infusion into the left circumflex coronary artery increases binucleated cardiomyocyte size and expression of the "fetal gene program" of the sheep fetus in a G ␣s -dependent manner and subsequently increases phosphorylation of protein kinase A (PKA) (52) .
The hearts of LBW lambs have increased IGF-2 and IGF-2R mRNA expression compared with hearts from average-birthweight (ABW) lambs (54) . There is also an inverse relationship between cardiac IGF-2R protein expression and left ventricle weight relative to body weight in the ABW lambs (54) , which may reflect the traditional role of IGF-2R as a clearance receptor (31) . This clearance role of IGF-2R in heart growth in late gestation has also been shown in a model of in vitro culture of the embryo (47) . In contrast, a positive relationship between cardiac IGF-2R protein expression and relative left ventricular weight exists in LBW lambs (54) , and this may indicate a role for IGF-2R in the LBW-induced left ventricular hypertrophy.
There was increased IGF-2 and IGF-2R mRNA expression, but no changes in the degree of methylation in the differentially methylated region (DMR) of the IGF-2/H19 locus and within intron 2 of IGF-2R in the hearts of LBW lambs compared with ABW lambs (54) . In rat models of hypertrophy, there was an increase in IGF-2 and IGF-2R gene expression due to increased histone acetylation (10, 25, 26) . Therefore, we aimed to determine the mRNA expression of four different exons of IGF-2 variants, downstream signaling of IGF-2R, specifically G ␣q and PKA signaling pathways, and histone acetylation of IGF-2 promoter, IGF-2R promoter, and intron 2 DMR in the left ventricle of lambs after birth that may cause cardiac hypertrophy in the LBW lambs.
MATERIALS AND METHODS

Animals and Surgery
All procedures were approved by the University of Adelaide Animal Ethics Committee and complied with the Australian code of practice for the care and use of animals for scientific purposes.
Average birth weight lambs. Ewes were naturally mated and delivered spontaneously at term. A frequency distribution curve of birth weights from 45 control Merino singleton lambs born during a 5-yr period in our laboratory was used to categorize lamb birth weights (16) . The mean birth weight (Ϯ SD) of the control singleton cohort was 5.63 Ϯ 0.67 kg. Thirteen Merino lambs were classified as average birth weight (ABW) (birth weight was within 2 SD of this mean value: 4.9 -6.7 kg).
LBW lambs. To induce placental restriction and a birth weight below 2 SD from the mean of controls (i.e., below 4.9 kg; low birth weight, LBW), nonpregnant ewes underwent surgery to remove the majority of endometrial caruncles from the uterus, leaving three to eight caruncles in each horn (14, 16, 17, 53) . At least 10 wk later, the ewes were mated and delivered spontaneously. Lambs from both groups were fed by ewes for the first 3 wk of life.
Post Mortem and Tissue Collection
On postnatal day 21, lambs were humanely killed with an intravenous overdose of pentobarbital sodium delivered by intravenous injection (Virbac, Milperra, NSW, Australia). Left ventricle samples collected from each animal were frozen in liquid nitrogen and stored at Ϫ80°C. Information of the phenotype of the lambs (16) and study of cardiac growth (54) and metabolism (53) have been previously described. There were no changes in heart weight between groups, but the LBW lambs had a greater left ventricular weight relative to body weight [ABW: 3.34 Ϯ 0.12 g/kg; LBW: 3.78 Ϯ 0.12 g/kg; P Ͻ 0.05 (54) ]. Analyses were performed subject to tissue availability and the exclusion of outliers (more than 2 SD), and, consequently, sample size was not identical for all measurements.
Protein Extraction and Western Blot Analysis
Approximately 50 mg of left ventricle (ABW: n ϭ 13; LBW: n ϭ 8) was homogenized (PT-MR-3100; Kinematica, Lucerne, Switzerland) for protein extraction, and protein contents were determined, as previously described (54) . Prior to Western blot analysis, 20 g of protein was subjected to SDS-PAGE and stained with Coomassie blue reagent (Thermo Fisher Scientific, Hanover Park, IL) to ensure equal loading of the proteins (40, 41) . Then, 5 and 10 g of the same protein sample was loaded onto each gel to confirm linearity of the chemiluminescent signal (41) .
Equal volumes of proteins were subjected to SDS-PAGE and transferred to membrane, as previously described (40, 52) . Each Western blot was stained with Ponceau S to visualize equal protein loading on each well. The membranes were then incubated with the respective primary antibody: Erk1/Erk2 (Cell Signaling Technology, 
RNA Extraction and Quantitative Real-Time RT-PCR
RNA was isolated from the left ventricle (ϳ100 mg) of each lamb (ABW: n ϭ 12; LBW: n ϭ 7), and cDNA was synthesized as previously described (54) . Controls containing no Superscript III (NAC) and no RNA transcript (NTC) were used to test for genomic DNA and reagent contamination, respectively.
The reference genes [hypoxanthine phosphoribosyltransferase 1 (45), phosphoglycerate kinase 1 (45) , and peptidylprolyl isomerase A (45)] were selected due to their high stability in expression across samples. The relative expression of mRNA transcripts of IGF-2 at exon 3, exon 4, exon 6, and exon 7 (Table 1) , and the reference genes were measured by quantitative RT-PCR using fast SYBR Green master mix (Applied Biosystems, Foster City, CA) in a final volume of 6 l on a ViiA7 fast real-time PCR system (Applied Biosystems), as previously described (49) .
Primers were validated and reagents were tested for contamination, as previously described (53) . Melt curve/dissociation curves were also run to check for nonspecific product formation. Amplification efficiency reactions were performed and determined, as previously described (53) . Each sample was run in triplicate for target and reference genes. The reactions were quantified by setting the threshold within the exponential growth phase of the amplification curve and obtaining corresponding C t values. DataAssist Software v3.0 (Applied Biosys- (24) was used to find the 2 Ϫ⌬Ct , which shows the abundance of each transcript relative to the abundance of the three stable reference genes and is expressed as mean normalized expression.
Chromatin Immunoprecipitation Assay
Genomic DNA associated with specific histone proteins was analyzed from the left ventricle of each lamb (ABW: n ϭ 11; LBW: n ϭ 7) by chromatin immunoprecipitation (ChIP) assay. Nuclei were extracted from frozen left ventricle tissue with a Sigma Nuclei Pure Prep isolation kit (Sigma-Aldrich, Sydney, Australia). The tissues were first homogenized using a Dounce homogenizer in a lysis master mix (nuclei PURE lysis buffer, 0.1 M DTT, and 10% Triton X-100) and then filtered through a 100-m and 70-m cell strainer and centrifuged at 30,000 g for 45 min at 4°C through a sucrose solution to obtain isolated nuclei. Nuclei were resuspended in a micrococcal nuclease (MNase) buffer and incubated with MNase enzyme for 6 min before stopping the enzyme with 0.5 M EDTA to obtain sheared chromatin fragments. Shearing size for chromatin of 150 -600 bp was confirmed by agarose gel electrophoresis. Histone-specific DNA was then isolated from the chromatin extracts using a Qiagen ChIP OneDay kit (Qiagen). Chromatin was precleared and then incubated with the target or control antibody H4K8ac, H3K9ac, RNA Pol III (positive control), or Rabbit IgG (negative control; Merck Millipore, Bayswater, VIC, Australia), on a rotating wheel at 4°C for 2 h. Samples were then mixed with Protein A beads and were rotated again at 4°C for 1 h and then washed five times with IP wash buffer and stored at 4°C. DNA was then isolated and purified from the protein/ DNA immunoprecipitated samples using DNA Spin Columns (Qiagen). The relative expression of IGF-2 promoters (Table 2) , IGF-2R promoters (Table 2) , IGF-2R intron 2 DMR (Table 2) , ␤-2-microglobulin (B2M) promoter (Table 2) , tyrosine 3-monooxygenase (YWAHZ) promoter (Table 2) , and ubiquitin C (UBC) promoter (Table  2) , which acted as housekeeper genes, associated with specific antibody binding to genomic DNA was then analyzed by quantitative PCR on a ViiA7 fast real-time PCR system (Applied Biosystems). 
Statistical Analysis
The effect of treatment (ABW vs. LBW) and sex on the expression of left ventricle proteins was determined using two-way ANOVA [Statistical Package for Social Scientists (SPSS) 18 for Windows, SPSS, Chicago, IL]. There was no significant effect of sex and no interaction between treatment and sex for any of the measured parameters, which may be due to the study not having enough power to measure sex effect (ABW: males, n ϭ 8; females, n ϭ 5; LBW: males, n ϭ 3; females, n ϭ 5). Thus, a Student's t-test was used to determine the effect of treatment (ABW vs. LBW). Data are presented as means Ϯ SE. A probability of Ͻ5% (P Ͻ 0.05) was considered statistically significant.
RESULTS
Changes in mRNA Expression of IGF-2 Variants in ABW and LBW Lambs
There was increased mRNA expression of IGF-2 at exon 4 but not at exons 3, 6, and 7 (Table 3) .
Decreased Histone Acetylation at IGF-2 Promoter 2 Site
There was no change in acetylation of histone H3K9 (Fig.  1C ) but decreased acetylation of histone H4K8 (Fig. 1D ) of IGF-2 promoter 2. There were no changes in the acetylation of histone H3K9 and H4K8 at IGF-2 promoter 1 (Fig. 1, A and B) and IGF-2 promoter 4 ( Fig. 1, E and F) .
Cardiac CaMKII/HDAC 4 Signaling Pathway Is Activated in LBW Lambs
There was no difference in the cardiac CaMKII protein abundance ( Fig. 2A) but increased phospho-CaMKII protein abundance (Fig. 2B ) in LBW compared with ABW lambs. There was a reduction in HDAC 4 (Fig. 2C) , but not phospho-HDAC 4 (Fig. 2D) protein abundance in LBW compared with ABW lambs.
There Was no Change in the Cardiac ERK, Calcineurin A/ NFAT or PKC-␣/HDAC 5 Signaling Pathways in LBW Lambs
There was no difference in calcineurin A, NFATc3, phospho-NFATc3, ERK, and phospho-ERK or PKC-␣, phospho-PKC-␣, HDAC 5, and phospho-HDAC 5 (Table 4) in the hearts of LBW and ABW lambs.
Markers of Pathological Cardiac Hypertrophy and Impaired Contractility Are Present in LBW Lambs
There was increased cardiac GATA 4 protein (Fig. 3A) in the LBW compared with ABW lambs; but no difference in ANP (Fig. 3B) ATPase protein (Fig. 3D) .
Decreased Cardiac Phospho-Troponin I in LBW Lambs Is not Due to Activation of the PKA Signaling Pathway
There were no differences in phospho-PKA ␣␤␥ catalytic subunits, phospho-PKAII ␣ regulatory subunit, CREB, or phospho-CREB proteins (Table 5 ) in the hearts of LBW and ABW lambs.
Increased Histone Acetylation at IGF-2R Promoter and Intron 2 Sites
There was increased acetylation of histone H3K9 of IGF-2R promoter (Fig. 4A) and IGF-2R intron 2 DMR (Fig. 5A ) but no changes in the acetylation of histone H4K8 (Figs. 4B and 5B).
DISCUSSION
The IGF-2R is involved in the intracellular transport of lysosomal enzymes to late endosomes/lysosomes and is important for clearing IGF-2 (31) . Although the IGF-2R does not contain tyrosine kinase activity or an autophosphorylation site, there is evidence for the ability of cardiac IGF-2R to couple to G ␣q and induce cardiac hypertrophy (19, 23) . In the heart of the LBW, the elevated expression of the IGF-2R was associated with increased histone acetylation in critical regions of the IGF-2R gene. Furthermore, the IGF-2R downstream pathway was activated in a G ␣q -dependent, but not a G ␣s -dependent manner, and this may lead to increased vulnerability to pathological cardiac hypertrophy in adult life.
IGF-2R Increased G ␣q Signaling, But not G ␣s Signaling in the Heart of LBW Lambs
The G ␣q signaling pathway can induce cardiac hypertrophy effectors, and in rat cardiomyocytes, the IGF-2R can activate phospholipase C-␤ in a G ␣q -dependent manner, which, in turn, causes phosphorylation of PKC-␣ and CaMKII, leading to (8) Values are expressed as means Ϯ SE; n equals number within parentheses. au, arbitrary units. pathological cardiac hypertrophy associated with the production of ANP and BNP (11) . There are multiple G ␣q downstream targets, but in the hearts of LBW lambs, neither the ERK nor PKC-␣ signaling pathways were activated, although there was increased abundance of phospho-CaMKII.
The decreased cardiac abundance of HDAC 4 in LBW lambs without changes in phospho-HDAC 4 (Ser-632) abundance may be due to the fact that CaMKII can also phosphorylate HDAC 4 at two other sites: Ser-467 (3) and Ser-210 (37), for which there are no commercially available antibodies. Therefore, we were unable to determine which site is phosphorylated by CaMKII leading to the subsequent reduced amount of HDAC 4 protein in hearts of the LBW lambs. However, CaMKII and HDAC 4 protein have been associated with cardiac pathology in human and animal models of cardiac hypertrophy (2, 28, 33, 58) and heart failure with an upregulation of CaMKII expression (29, 61) .
In vitro IGF-2R activation leads to an increase in the cross-sectional area of binucleated cardiomyocytes from the late-gestation normally grown sheep fetus, in a CaMKII-dependent manner (51) . We have shown that treating binucleated cardiomyocytes from the normally grown sheep fetus in late gestation with KN-93 (an inhibitor of CaMKII) alone or with Leu-27 IGF-2 (an IGF-2R agonist) inhibited the Leu-27 IGF-2-induced increase in cardiomyocyte size (51) . Moreover, when CaMKII is inhibited, either by pharmacological or genetic approaches, there is a reduction in arrhythmias (30, 56) and hypertrophy (59); thus, placing CaMKII as a possible clinical target for LBW individuals with cardiac hypertrophy.
In the normally grown sheep fetus that had left circumflex coronary infusion of Leu-27 IGF-2, cardiac IGF-2R was upregulated, leading to cardiomyocyte hypertrophy in a G ␣s -dependent manner via phosphorylation of PKA and CREB in late gestation (52 ATPase protein between LBW and ABW lambs. Calcineurin/ NFAT signaling is involved in the transcription and expression of SERCA 2ϩ ATPase (48), a marker of heart failure and hypertrophy. In the heart, NFATs bind to the transcription factor GATA 4 and activate the transcription of genes involved in hypertrophy (55) . GATA 4 has the ability to induce cardiac hypertrophy, as demonstrated by overexpression of GATA 4 in cultured cardiomyocytes and transgenic mice with GATA 4 overexpression (36) . In adult mice, GATA 4 is required to maintain controlled cardiomyocyte hypertrophy and survival (8) . In response to hypertrophic stimuli, GATA 4 can regulate reexpression of cardiac structural genes, such as ANP, ␤-MHC, and troponin I in the adult heart (32, 39, 46) , which are widely accepted as markers for pathological cardiac hypertrophy (7) and a failing heart (6).
The increased abundance of GATA 4 was not associated with an increase in ANP or ␤-MHC abundance, all of which are markers of hypertrophy and known collectively as the fetal genotype. However, we observed a decrease in phospho-troponin I abundance that may indicate impaired cardiac contractility, which may contribute to diastolic and systolic dysfunction in heart failure by reducing cross-bridge-cycling rates (34) . Cardiac hypertrophy and reduced contractility have previously been shown in the 3-mo-old offspring of dams fed a low-sodium diet during pregnancy, another model of intrauterine growth restriction (5) . Therefore, there is a need to investigate lambs at an older age to further establish the relationship between LBW, pathological cardiac hypertrophy, and impaired contractility.
Role of IGF-2 and IGF-2R Histone Acetylation in Cardiac Programming
The persistent increase in both IGF-2 and IGF-2R mRNA expression before and after birth due to restriction of fetal Values are expressed as means Ϯ SE; n ϭ number within paretheses. ABW, average birth weight; LBW, low birth weight; au, arbitrary units.
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promoter ( substrate supply (54) leads us to propose that IGF-2 and IGF-2R are programmed in the fetus due to exposure to a suboptimal intrauterine environment. We have now shown that IGF-2 mRNA expression is increased at exon 4 and IGF-2R in the LBW lamb. Both IGF-2 and IGF-2R DNA methylation and histone acetylation are important regulators of their gene expression (25, 26, 38, 60) . Although we have previously reported no difference in the degree of methylation of both IGF-2 and IGF-2R DMRs (54), we found decreased histone acetylation of H4K8 of IGF-2 promoter 2 and increased histone acetylation of H3K9 of IGF-2R promoter and IGF-2R intron 2 DMR. IGF-2 promoter 2 is linked to IGF-2 at exon 4 (18, 20, 42) , so upregulation of IGF-2 at exon 4 mRNA expression may be linked to acetylation of IGF-2 promoter 2. The conflicting data between IGF-2 histone acetylation and gene expression may be due to the presence of transcription factors/enhancers that could influence the final outcome of gene transcription. The IGF-2 promoter 2 in bovine cardiac tissue is expressed in fetal tissues and completely absent in adults (12) , suggesting that IGF-2 promoter 2 is normally silent in the heart due to epigenetics. The changes in acetylation of histone H4K8 of IGF-2 promoter 2 observed in LBW lambs may be opening IGF-2 mRNA exon 4 to allow translation that should be mostly silent. The IGF-2R data are consistent with a previous finding in that it is histone acetylation rather than the degree of methylation of IGF-2R that is essential for mediating IGF-2R gene expression (10) .
Perspectives and Significance
Our study has demonstrated, for the first time, that LBW increases phospho-CaMKII and GATA 4, but decreases HDAC 4 protein abundance, all markers of G ␣q activation of pathological hypertrophy, in the hearts of LBW lambs (Fig. 6) . Decreased phospho-troponin I abundance, indicative of impaired cardiac contractility, was also observed in the hearts of LBW lambs (Fig. 6 ). These data provide the first evidence that LBW leads to changes in IGF-2R and upregulation of the cardiac G ␣q signaling pathway, which may contribute to a vulnerability to left ventricular hypertrophy and an increased risk of cardiovascular disease in adult life.
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